The Sea Surface Temperature (SST) in the South Tropical Indian Ocean (STIO) displays significant intraseasonal oscillation (ISO) in two regions. A striking 30-50-day ISO found over the east of thermocline ridge (Region A, 80-90 • E, 6-12 • S), as identified by the Empirical Mode Decomposition (EMD) method, is distinguished from the SST signature over the thermocline ridge (Region B, 52.5-65 • E, 6-13 • S). The 30-50-day ISO of SST in the Region A is active in March-May (MAM) and suppressed in September-November (SON). Meanwhile, a 30-50-day ISO of precipitation correlates with the SST over the Region A. SST leads precipitation by 10 days, implying a pronounced ocean-atmosphere interaction at the intraseasonal timescale, especially the oceanic feedback to the atmosphere during Madden-Julian Oscillation (MJO) events. Analysis on mechanism of the ISO manifests heat fluxes are critical to the development of the intraseasonal SST variability. The local thermocline in Region A, as the shallowest in MAM and the thickest in SON, is likely to modulate the strength of ISO and contribute to its sustainability. It suggests that thermocline plays a more important role in Region A than in Region B, leading to the difference between the two regions.
Introduction
The southern tropical Indian Ocean (STIO) features remarkable intraseasonal sea surface temperature (SST) variability as a result of ocean-atmosphere interaction between SST and strong atmospheric intraseasonal oscillations (ISOs) [1] [2] [3] [4] . The eastward propagating Madden-Julian Oscillation (MJO), one of the most well-known ISOs, can affect the Indian Monsoon [5] and global climate [6, 7] significantly. In particular, MJO can induce large SST variation in the Indo-Pacific. In such ocean-atmosphere coupled process, the surface heat fluxes, including the insolation and latent heat flux, play important roles [8] . Hendon and Glick [9] analyzed the ocean-atmosphere interaction in the Indo-Pacific region, and found the intraseasonal SST variability with an amplitude of 0.3 • C lags 1/4 cycle behind the convection of MJO, suggesting the SST variation is induced by ISO. Woolnough et al. [10] complemented that warm SST anomalies lead the convective maximum about 10 days and negative SST anomalies lag the convection about 10 days. Jones et al. [11] investigated the SST variation during the life cycle of MJO was due to changes of shortwave radiation and latent heat, and suggested a possible feedback between the atmospheric and oceanic intraseasonal oscillation. Modeling studies have also been conducted on the effect of MJO [12] [13] [14] [15] [16] . Han et al. [17] utilized both observations and model to examine the impact of atmospheric ISOs on intraseasonal SST variability,
Data and Methods
We use National Oceanic and Atmospheric Administration (NOAA, Boulder, CO, USA) daily Optimum Interpolation SST [53] data with 0.25 • × 0.25 • resolution in the period of 1982-2016. The 2.5 • × 2.5 • gridded pentad precipitation data derived from Merged Analysis of Precipitation (CMAP) dataset are available for the same period [54] . We temporarily convert the SST data to pentad for comparison with precipitation when analyzing their correlation. The National Centers for Environmental Prediction-National Centers for Atmospheric Research (NCEP-NCAR, Boulder, CO, USA) provide daily wind reanalysis data for our study period [55] . To analyze thermocline variability, we use the simple ocean data assimilation (SODA) version 2.2.4 product [56] for vertical sea temperature in the period of 1982-2010. It has 40 vertical levels from 5 m to 5375 m depth underneath the sea surface on a 0.5 • × 0.5 • grid. Thermocline depth is generally represented by the depth of 20 • C isothermal layer (Z20) [41] . Daily and monthly OAFlux product [57] with 1 • × 1 • resolution for 1984-2009 is used for the investigation of the net heat fluxes.
SST anomalies (SSTA) and precipitation anomalies are obtained by removing the seasonal cycles from the raw data. Along with the ISOs, the signals also include significant interannual and interdecadal variations, so that a 25-55-day band-pass filter is used to extract the 30-50-day ISOs. Then we identify the 30-50-day ISOs of SST and precipitation by Empirical Mode Decomposition (EMD) method, which is an adaptive and efficient way to decompose nonlinear and non-stationary processes to meaningful signals with local properties. The signals are defined as intrinsic mode functions (IMFs) [58] .
The intensity of ISOs is represented by the root mean square (RMS) of the 30-50-day SST and precipitation variability. For the overall intensity from 1982 to 2016, we calculate the RMSs of the entire series. For the ISOs in different seasons or months, we use a 151-day (or 31-pentad) time-window for intraseasonal SST (precipitation) time series from 1983 to 2015. Each time-window contains about three oscillations. Average of each calendar month over 33 years stands for monthly intensity. Similar processing is applied to calculating seasonal intensity. Figure 1a shows the variance of intraseasonal SST variability extracted by the 30-90-day band-pass filter. In the open ocean, two areas display RMS maxima. One is located in the eastern STIO, marked as Region A, 80-90 • E, 6-12 • S box in Figure 1a . The other area, marked as Region B by 52.5-65 • E, 6-13 • S, is in the SCTR in the western STIO. Over Region B, atmospheric processes interact with the thermocline ridge, and the cold water beneath the shallow mixed layer can easily lead to large SST anomalies. This phenomenon is significant in DJF, when the MJO is the strongest of the year [59] . The spectral significance spans from several days to 75 days in Region B (Figure 1c) , where many studies have been focused on (see review by 59). However, Region A has not been well investigated. Specifically, the feature of Region A is different from that of Region B. The ISOs of SSTA averaged in Region A peak at 30-50 days period (Figure 1b) , which is typically associated with MJO. The intraseasonal SST variabilities off Somali and Sumatra are also significant, but these are not discussed in this study. For further exploration, the 30-50-day ISO is extracted from the raw SST data. We apply EMD method to SSTA in Region A. The correlation coefficient of IMF6 and the 30-50-day SST oscillation extracted by the band-pass filter is remarkable (0.93, Figure 2a ). The IMF6 also shows a peak on 30-50 days periods (Figure 2b) . Thus, the 30-50-day ISO can be regards as an individual mode in Region A.
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Precipitation
Precipitation in the tropics is also characterized by notable intraseasonal variability coupled with underlying SST fluctuations [10] , and positive SSTA leads precipitation by about 10 days [25] . Figure  4b shows the power spectrum of precipitation anomalies averaged in Region A. The significant signal suggests a 30-50-day precipitation oscillation. The IMF2 of spatial averaged precipitation anomalies, which is significantly correlated with the band-pass filtered time series (r = 0.77, Figure 4a 
Precipitation in the tropics is also characterized by notable intraseasonal variability coupled with underlying SST fluctuations [10] , and positive SSTA leads precipitation by about 10 days [25] . Figure 4b shows the power spectrum of precipitation anomalies averaged in Region A. The significant signal suggests a 30-50-day precipitation oscillation. The IMF2 of spatial averaged precipitation anomalies, which is significantly correlated with the band-pass filtered time series (r = 0.77, Figure 4a ), resembles the ISO timescale. Its power spectrum also peaks at 30-50 days period (Figure 4c ). peaks in February, and gradually decays from MAM to September-November (SON). In Region A, the seasonal cycle peaks in March, and reaches the low point in July. The increasing mean precipitation in Region A related to southward-shift of ITCZ leads to the intensification in DJF. During MAM, although mean precipitation decreased sharply, the intensity of local ISO remains relatively high (Figure 5b) . At the same time, 30-50-day ISO of SST is notably active (Figure 3b) . Thus, we propose SST change is crucial to dominate the 30-50-day precipitation variability. The strongest intraseasonal precipitation variability is driven by the MJO, which is linked to equatorial waves. Thus, although coherent oceanic and atmospheric ISOs are significant over Region A, the maximum of RMS variance in precipitation appears in 0-6° S (Figure 5a ), to the north The RMS variance of 30-50-day ISO of precipitation in the southeastern equatorial Indian Ocean is shown in Figure 5a , concurring with that of SST. It is noticeable that the signals are extremely weak in the western STIO, where it is anticipated to manifest strong ocean-atmosphere interactions. Generally, the background precipitation maximum between 3 • and 6 • S leads to the maximum of 30-50-day variability within the same zonal band. The mean precipitation band to the south of equator is mainly associated with ITCZ convection [36] . Seasonal cycle of 30-50-day ISO of precipitation is in phase with that of SST (Figure 3a) . The 30-50-day precipitation ISO is active through MAM and JJA. During December-March, as the ITCZ shifts to the south, significant signals spread to further southern places. However, despite the large mean precipitation, intensity of the ISO in DJF is not so high as that in MAM, when the mean precipitation is at its low point. The result potentially suggests the 30-50-day precipitation variability is not dominated by ITCZ convection. We further examine the local variability. In Region B, the phase-locked ISO develops rapidly during DJF, peaks in February, and gradually decays from MAM to September-November (SON). In Region A, the seasonal cycle peaks in March, and reaches the low point in July. The increasing mean precipitation in Region A related to southward-shift of ITCZ leads to the intensification in DJF. During MAM, although mean precipitation decreased sharply, the intensity of local ISO remains relatively high (Figure 5b ). At the same time, 30-50-day ISO of SST is notably active (Figure 3b) . Thus, we propose SST change is crucial to dominate the 30-50-day precipitation variability. [45] . The strongest intraseasonal precipitation variability is driven by the MJO, which is linked to equatorial waves. Thus, although coherent oceanic and atmospheric ISOs are significant over Region A, the maximum of RMS variance in precipitation appears in 0-6 • S (Figure 5a) , to the north of that in SST (Figure 3a) . Two processes might favor this northward deviation. First, the precipitation ISO can be influenced by the mean state of ITCZ that is located to the north of Region A, where the cloudiness convection and precipitation have the maxima. Second, in the STIO, mean meridional wind is southerly ( Figure 6 ). It drives northward advection of water vapor in favor of enhancing precipitation. Furthermore, the 30-50-day precipitation oscillation in Region A exhibits relatively weak seasonality and keeps at a high level all year around with abundant background precipitation (Figure 5c ). The mean state supports enough fuel to sustain the intraseasonal variability. The monthly averages of precipitation vary within a small range, despite the slight increase in January and July. In comparison, the seasonal variation in Region B is larger. Both the intensity of 30-50-day ISO and Atmosphere 2018, 9, 69 8 of 13 seasonal variation of precipitation reach the maximum in DJF and the minimum in JJA. The peak in DJF is probably due to the shallowest thermocline at the same period, which triggers intensified ocean-atmosphere interaction [45] . 
precipitation (Figure 5c
). The mean state supports enough fuel to sustain the intraseasonal variability. The monthly averages of precipitation vary within a small range, despite the slight increase in January and July. In comparison, the seasonal variation in Region B is larger. Both the intensity of 30-50-day ISO and seasonal variation of precipitation reach the maximum in DJF and the minimum in JJA. The peak in DJF is probably due to the shallowest thermocline at the same period, which triggers intensified ocean-atmosphere interaction
Relationship of SST and Precipitation
The 30-50-day ISOs of SST and precipitation have high correlation at seasonal timescale. Figure  7 shows longitude-time diagrams of 30-50-day ISO of SST and precipitation averaged between 6° and 12° S. Both SST and precipitation have an annual cycle. For SST, the strongest signals appear in the areas at around 55° E and 88° E, corresponding to Regions B and A, respectively. The 30-50-day ISO in Region A peaks during MAM and is suppressed during SON. In Region B, it develops from SON, reaching the strongest stage in DJF, leading Region A by ~1 month. According to the year-round comparison, the overall intensity of the 30-50-day ISO in Region A is stronger than that in Region B. For precipitation, significant 30-50-day signals are shown in Region A (Figure 5b) , featured with the similar seasonality as SST which reaches the maximum in MAM, while the mean precipitation is inadequate ( Figure 6 ). Specifically, both 30-50-day ISOs, SST and precipitation, peak in March. Within a coupled air-sea system, MJO, SST and precipitation have pronounced lag-lead relationships [19] . In Region A, SST leads precipitation by 10 days and lags by 5 days with the maximum correlation ~0.32 ( Figure 7c ). Considering Region A is in the tropics where the atmospheric variability is usually driven by SST [19] , as well as the reasons mentioned in last section, the local SST variability is regarded as the forcing of atmospheric convection. Hence, the 30-50-day ISO of SST is presumably generated in Region B in DJF, and then propagates eastward. When reaching Region A, the 30-50-day ISO intensifies under favorable background condition in the ocean and atmosphere. There is a co-variability in precipitation, as an influence of SST on the atmosphere. 
The 30-50-day ISOs of SST and precipitation have high correlation at seasonal timescale. Figure 7 shows longitude-time diagrams of 30-50-day ISO of SST and precipitation averaged between 6 • and 12 • S. Both SST and precipitation have an annual cycle. For SST, the strongest signals appear in the areas at around 55 • E and 88 • E, corresponding to Regions B and A, respectively. The 30-50-day ISO in Region A peaks during MAM and is suppressed during SON. In Region B, it develops from SON, reaching the strongest stage in DJF, leading Region A by~1 month. According to the year-round comparison, the overall intensity of the 30-50-day ISO in Region A is stronger than that in Region B. For precipitation, significant 30-50-day signals are shown in Region A (Figure 5b) , featured with the similar seasonality as SST which reaches the maximum in MAM, while the mean precipitation is inadequate ( Figure 6 ). Specifically, both 30-50-day ISOs, SST and precipitation, peak in March. Within a coupled air-sea system, MJO, SST and precipitation have pronounced lag-lead relationships [19] . In Region A, SST leads precipitation by 10 days and lags by 5 days with the maximum correlation~0.32 ( Figure 7c ). Considering Region A is in the tropics where the atmospheric variability is usually driven by SST [19] , as well as the reasons mentioned in last section, the local SST variability is regarded as the forcing of atmospheric convection. Hence, the 30-50-day ISO of SST is presumably generated in Region B in DJF, and then propagates eastward. When reaching Region A, the 30-50-day ISO intensifies under favorable background condition in the ocean and atmosphere. There is a co-variability in precipitation, as an influence of SST on the atmosphere.
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Conclusions and Discussion
The present study examines the intraseasonal SST variability in the STIO, including its spatial distribution, frequency distribution and seasonality. The result shows significant intraseasonal signals not only appear over the center of the SCTR (Region B), but also over the area near the east of the SCTR (Region A). Compared with the wide spectrum of ISOs in Region B, the energy of ISO in Region A mainly concentrates on 30-50 days. The 30-50-day ISO in Region A can be approximately represented by IMF6 generated from EMD. This confirms the existence of the oscillation extracted by band-pass filter. The strength of this 30-50-day ISO features seasonality with the strongest activity in March and the weakest in September. By contrast, the ISO in Region B peaks in February, leading Region A by ~1 month. The precipitation ISO is regarded as an atmospheric response to SST. ITCZ and northward wind provide favorable conditions for northward shift of precipitation ISO. Considering the significant correlation between SST and ~10-day lagged precipitation, we infer that the ISO in Region A reflects the intensified MJO processes in the STIO as a result of ocean-atmosphere interactions.
We further explore the mechanism of the 30-50-day SST oscillation in the STIO. The 30-50-day ISO in Region B leads that in Region A about a month (Figures 3b and 7a) . It is formed as a MJO process. The oscillation generates in Region B, then propagates eastward, and strengthens in Region A. We investigate the variability of the heat fluxes, a major contributor of the intraseasonal SST variability [16, [42] [43] [44] [45] . The intensity of 30-50-day net heat flux peaks during March and February in Regions A and B, respectively (Figure 8a) , which is consistent with SST and precipitation (Figure 3b  and 5b) . Thus, the net heat flux is considered to motivate the 30-50-day SST variability. However, the 
The present study examines the intraseasonal SST variability in the STIO, including its spatial distribution, frequency distribution and seasonality. The result shows significant intraseasonal signals not only appear over the center of the SCTR (Region B), but also over the area near the east of the SCTR (Region A). Compared with the wide spectrum of ISOs in Region B, the energy of ISO in Region A mainly concentrates on 30-50 days. The 30-50-day ISO in Region A can be approximately represented by IMF6 generated from EMD. This confirms the existence of the oscillation extracted by band-pass filter. The strength of this 30-50-day ISO features seasonality with the strongest activity in March and the weakest in September. By contrast, the ISO in Region B peaks in February, leading Region A bỹ 1 month. The precipitation ISO is regarded as an atmospheric response to SST. ITCZ and northward wind provide favorable conditions for northward shift of precipitation ISO. Considering the significant correlation between SST and~10-day lagged precipitation, we infer that the ISO in Region A reflects the intensified MJO processes in the STIO as a result of ocean-atmosphere interactions.
We further explore the mechanism of the 30-50-day SST oscillation in the STIO. The 30-50-day ISO in Region B leads that in Region A about a month (Figures 3b and 7a) . It is formed as a MJO process. The oscillation generates in Region B, then propagates eastward, and strengthens in Region A. We investigate the variability of the heat fluxes, a major contributor of the intraseasonal SST variability [16, [42] [43] [44] [45] . The intensity of 30-50-day net heat flux peaks during March and February in Regions A and B, respectively (Figure 8a) , which is consistent with SST and precipitation (Figures 3b  and 5b) . Thus, the net heat flux is considered to motivate the 30-50-day SST variability. However, the 30-50-day ISO signal in Region A remains relatively strong in April-May and reaches its minimum in September while the mean net heat flux decreases rapidly after March and reaches the low point in JJA (Figure 8b) . Thus, the net heat flux cannot sufficiently explain the sustainability of 30-50-day ISO. The intensification of 30-50-day ISO in Region A also requires other supporting mechanism. Such intensification and sustainability of ISO is probably attributed to thermocline variation.
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